Using in situ hydro-chemical data and MODIS-SeaWiFS ocean color images as a proxy of river plumes and phytoplankton biomass from 2000 to 2014, this study documents the temporal co-variability of river discharge, plume area, nitrate and phosphate export and phytoplankton biomass in the coastal waters off Central Chile (33 • -37 • S). Five major rivers (Maipo, Mataquito, Maule, Itata, and Biobío) drain into this region with annual mean discharge ranging from 120 to 1000 m 3 s −1 . River discharge and coastal plume area present a marked seasonal cycle, reaching maximum values during the winter rainy season (June-September). Export of riverine nutrients also peaks in winter, leading to an increase in phytoplankton biomass within the plumes that can be twice larger than the background values in coastal areas away from the river mouths. Wintertime river discharge, plume area and nutrient export are also correlated at interannual time scales. During a recent extended dry period (2010)(2011)(2012)(2013)(2014), river discharges, plume areas and nutrient export clearly decreased by about 50% compared to historical values, reducing significantly the size of the chlorophyll pool within plumes off Central Chile during winter. The potential impacts of droughts are discussed in terms of coastal ecology and primary production, a highly relevant issue considering the projections of a dry climate over Central Chile in the future. Systematic evidence of mega-drought effects upon coastal productivity still does not exist, but it remains a priority to further investigate and quantify these impacts.
INTRODUCTION
Phytoplankton biomass (PB) and primary production (PP) in coastal areas are highly variable over temporal and spatial scales, primarily regulated by nutrient supply, light availability and physical processes driving stratification/mixing and advection (e.g., Hickey and Banas, 2003) . Organic matter, nutrients and particles from terrestrial sources are partially delivered into coastal areas through rivers, which can support both PB and PP, as well as regulate coastal biogeochemical cycles of Nitrate (NO 3 − ), Phosphate (PO 4 −3 ), and Silicate [Si(OH) 4 ] (Hopkinson and Vallino, 2005; Cotrim et al., 2007) . Through their impact on precipitation, both natural variability (e.g., El Niño Southern Oscillation, ENSO) and anthropogenic climate change may alter river discharge into coastal areas over interannual and longer time scales, leading to considerable impacts on coastal PB and PP.
Several studies have reported a positive relationship between increased river discharge, nutrient input, and high PB in adjacent coastal areas to river mouths. For example, in coastal waters off Japan, chlorophyll (Chl-a) concentration from ocean color satellite estimates was two times higher during periods of high river discharge compared to periods of low discharge (Lihan et al., 2011) . Similarly, high Chl-a levels were observed in winter and early spring, coinciding with an abrupt precipitation increase in the Apalachicola River in northwestern Florida (Morey et al., 2009) . A similar trend of high Chl-a concentrations and productive plume waters, enriched by the Mississippi River nutrients, was observed across the shelf and along the coast of Louisiana (Wysocki et al., 2006) . On the other hand, a reduction of freshwater input into coastal areas during droughts led to a marked decrease in Chl-a biomass over various shelf-coastal and estuarine environments, as observed in the North Atlantic and Pacific oceans (Cloern et al., 1983; Nichols, 1985; Wetz et al., 2011) . Furthermore, ecological studies have indicated a deterioration of the planktonic food web during a period of drought in the coastal waters of the North Pacific, with negative consequences on fish populations due to cascading effects on higher trophic levels (Cloern et al., 1983; Nichols, 1985; Wetz et al., 2011) .
Along eastern boundary systems, such as California, Humboldt and Benguela, the effects of the river discharge on coastal PB/PP are less apparent. This is due to the considerable influence of coastal upwelling, the process by which cold, nutrient-rich subsurface water ascends to the ocean's surface, creating the most biologically productive areas of the global ocean (Pauly and Christensen, 1995) . The importance of nutrient and particle supply from river discharge with respect to coastal upwelling is seasonally variable, and depends on physical processes (such as thermal and haline stratification, wind stress, and rainfall), as well as the geographical and topographical features of the coastal area. For example, the Columbia River has been characterized as a major nutrient source to the adjacent coastal area, promoting positive effects on PB and PP during extended periods of reduced coastal upwelling (Hickey et al., 2010) . A similar situation occurred in the Canadian Beaufort shelf where the Mackenzie River re-injects nutrients into the surface with a high N:P or N:Si ratio, influencing the phytoplankton physiology (Tremblay et al., 2014) .
Central Chile, along the subtropical west coast of South America (33 • -38 • S), is characterized by an archetypical Mediterranean climate with an annual mean precipitation ranging from 100 to 1000 mm, predominantly occurring during the austral winter. Because part of the winter precipitation is stored as snow in the Andes cordillera most of the rivers in this region exhibit a seasonal mixed pluvio-nival regime (e.g., Garreaud et al., 2017) . On interannual scales, variations in river discharges are correlated with ENSO, since an increase in precipitation over Central Chile during El Niño years leads to high river flows (Aceituno and Vidal, 1990; Waylen et al., 1993; Pellicciotti et al., 2007) . Conversely, La Niña is often associated with a decrease in precipitation and low rivers discharge (Aceituno and Vidal, 1990) . The ENSO fluctuations, however, only account for about 50% of the total precipitation variation in Central Chile (Montecinos et al., 2011) , and many dry years do not coincide with La Niña events. Of particular relevance, the recent "mega-drought" in Central Chile , an uninterrupted sequence of dry years beginning in 2010, coincides with mostly ENSO-neutral conditions. The mega-drought has produced rainfall deficits of about 30% across much of Central Chile, a relatively small decrease compared with other droughts in the past (e.g., >60% in 1924, 1968, and 1988 ) but its duration is unprecedented in the historical record and millennial reconstruction . Furthermore, approximately one third of the dry signal has been associated with climate change (Boisier et al., 2016) .
In the coastal waters off Central Chile both river discharge and coastal upwelling occur, but their seasonal cycles are out of phase. Strong southerly upwelling favorable winds prevail during spring-summer (e.g., Rahn and Garreaud, 2014) , leading to an intense increase in PB and PP (Montecino et al., 2006; Thiel et al., 2007) . During fall and winter the southerly winds relax, whereas rainfall and river discharge simultaneously reaches a maximum. Thus, the seasonal signal of river plumes extension in the region detected using satellite ocean color images showed persistent and large river plumes during fall-winter period (Saldías et al., 2012) . Indeed, major plume events are associated with the warm phases of ENSO and PDO when precipitation tends to be above normal (Saldías et al., 2016) .
In this region, recent studies have shown evidences of the impact of the nutrient export in these river plumes on the carbon biogeochemistry and phytoplankton community of coastal waters off Central Chile in winter (Iriarte et al., 2012; Léniz et al., 2012; Pérez et al., 2015; Yevenes et al., 2016) and its possible contribution in maintaining high primary productivity rates in coastal waters (Testa et al., 2018) . Nonetheless, there is a lack of a systematic analysis into the regional scale influence of the river discharges variability on nutrient loading and phytoplankton biomass in coastal waters. The present work investigates the impact of discharge of the five major rivers in Central Chile on river plumes, nutrient export, and phytoplankton biomass in coastal waters, based on datasets from 2000 to 2014, and discerns the effect of the extended mega-drought in theses coastal processes. We also discuss the representativeness of the satellite based PB estimates in coastal areas by contrasting those values against in situ data, the effects of the present mega-drought on the ecology and trophic dynamics of adjacent areas. A full assessment of the consequences of regional climate change on coastal hydrobiology is beyond the scope of this work, but this key issue is discussed on the basis of the observed impacts of the recent mega-drought that is relevant considering the prospect of a drier, warmer climate in central Chile (Fuenzalida et al., 2007; Bozkurt et al., 2017) .
MATERIALS AND METHODS

Hydrological River Survey
The study area spans from 33 • to 37 • S along the west coast of South America, including the outlets from the Maipo, Mataquito, Maule, Itata, and Biobío Rivers (Figure 1) the north-to-south precipitation increase as well as differences between catchment areas ( Table 1) . Nutrient (Nitrate-NO 3 − and Phosphate-PO 4 −3 ) concentrations in the rivers are measured on a quarterly basis at the same fluviometric stations. Thus, each year four simultaneous nutrient values are obtained for each river. Nutrient exportation (load) is estimated as a product of river discharge Q (m 3 s −1 ) and nutrient concentration C (mg L −1 ). Estimates of the daily nutrient load (Q × C, kg day −1 ) are obtained using a load estimator (LOADEST, Runkel et al., 2004) as follow:
log Load = a n + a 1 log (Q)
Where, Load is the pollutant burden, a n∼1 are the regression coefficients and Q is the streamflow in a specific period. The regression coefficients are obtained using multiple predictors (flow, time, and other variables) and a maximum likelihood estimation method (Cohn, 2005 ). The daily loads are then aggregated to obtain the NO 3 − and PO 4 −3 river export over a monthly basis (expressed in Ton month −1 ).
Ocean Color Data: Plume Signal Detection and Phytoplankton Biomass
To study the seasonal and interannual variability of plumes extension and phytoplankton biomass in coastal waters we used ocean color (OC) datasets (4 km × 4 km pixels and 8-day composition) between January 2000 to December 2014, including chlorophyll and normalized water-leaving radiance at 555 nm (nLw555) from SeaWiFS (2000 SeaWiFS ( -2002 and MODIS-Aqua (Moderate Resolution Imaging Spectroradiometer, 2002 . Satellite images are obtained from the NASA Ocean Color web server 2 and the GlobColour core dataset 3 . Ocean color, 8-day composition datasets (3 or 4 scenes per month) are used to reduce the loss of information due to cloud effects, with cloud-free data available for over 90% of the region (Saldías et al., 2012 (Saldías et al., , 2016 .
The phytoplankton biomass (PB) is derived from chlorophylla (Chl-a) based on standard NASA's algorithms using OC datasets (O'Reilly et al., 2000; Hu et al., 2012) , which are known to overestimate Chl-a concentrations in coastal waters (e.g., Lohrenz et al., 2008) . Our study, however, focuses on the seasonal and interannual variability of PB rather than absolute values, for which the satellite timeseries estimates are a viable tool to represent the surface pigment dynamics in coastal waters as suggested before by other studies (Lohrenz et al., 2008; Hopkins et al., 2013) . To further evaluate the satellite derived 8-day Chl-a concentrations we contrasted those valued against in situ surface measurements collected from 2006 to 2014 at Oceanographic Station 18 (77 match-up data points). Station 18 is under the influence of the Itata river plume and is located 18 nautical miles (30 km) from the coast (36 • 30 S-73 • 07 W; Figure 1 ). The correlation coefficient between both measurements on the logarithmic scale shows that both Chl-a series are well correlated (rs = 0.65, SD = 0.33, p < 0.001) supporting that satellite Chl-a retrieval can be useful to track and characterize the plume rivers. [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] [2014] . * * Extracted by Luzio et al. (2010) . * * * Extracted by Lara et al. (2012) , and CIREN (Centro de Información de Recursos Naturales, http://www.ciren.cl).
The nLw555 band is analyzed to detect the river plume signal in the coastal zone. Previous studies have confirmed the use of this band to detect the river plume signal associated with discharge variability (Otero and Siegel, 2004; Nezlin et al., 2005; Thomas and Weatherbee, 2006) . The river plume is identified as the area close to the river mouth where nLw555 values are higher than 1.50 mW cm −2 µm −1 sr −1 , following criteria from Saldías et al. (2012) .
Whenever the plume is present, area (expressed in km 2 ) and mean Chl-a are calculated to produce monthly mean values. The plume areas ranged between 120 and 500 km 2 (Supplementary Table 1) so that at least 10 pixels are used to define the previous statistics. Granted, higher spatial resolution will result in more accurate plume definitions but, once again, our focus is on the large month-to-month and year-to-year changes in plume's features. In addition to the monthly values, river plume frequency is calculated on a yearly basis (number of 8-days scenes with plume signal by year). In order to provide context for the potential PB enhancement generated by the rivers, the mean Chl-a concentration is calculated over a larger coastal area adjacent to each river mouth. For each river, the adjacent area is outlined by the maximal plume extent on record (Figure 1 ) and remains fixed in time.
RESULTS
Mean Seasonal Cycle
The coastal waters off Central Chile are characterized by marked seasonal differences in PB as shown in values. In late spring, Chl-a values in excess of 5 mg m −3 are found along the coast, up to 100 km offshore. These high values in spring are due to coastal upwelling, whereas river plumes are undetected or considerably reduced compared to wintertime.
The seasonal cycles of river discharge and plume area are shown in Figure 3 , using 15 years of hydrological records and satellite derived SeaWiFS-MODIS ocean color data. All rivers exhibit a clear seasonal cycle with higher discharge during winter (rainy season) compared to summer-fall (dry season). The areal extent of the river plumes follows a similar seasonal cycle, with a prominent maximum in all rivers during winter ( Figure 3B) . In general, mean wintertime plume areas are 3-12 times larger than in summer. During the fall-winter period (May-September) river plumes tend to be both larger and more frequent, detected during 85, 71, 99, 79, and 71% of the time in the Maipo, Mataquito, Maule, Itata, and Biobío Rivers, respectively.
The Maipo and Mataquito Rivers, located in the northern sector of the study area, exhibit water discharge with a secondary maximum in December due to snowmelt contribution. The secondary maxima do not cause a substantial increase in plume area, probably due to the plume signal being dissipated offshore through upwelling activity. Conversely, the Biobío River does not produce a detectable river plume from December to March, during minimum discharge (but still remains >500 m 3 s −1 ). This is due to wind-driven dynamics that seasonally maintain the plume within a close reach of the river mouth, and therefore undetectable by the satellite (Saldías et al., 2012) . It is also noted that in Central Chile the mean river plume area during winter is not proportional to the average discharge. For instance, both the Maipo and Biobío River plumes reach about 180 km 2 in winter; however, the Biobío River flow is ∼10 times larger than the Maipo. Likewise, the largest wintertime plume is produced by the Maule River (>900 km 2 ), that has an intermediate values of discharge. This inter-river variability in plume areas may reflect differences in lithology and land-use of the draining basins (and hence river loads). The offshore and alongshore extent of these plumes are also controlled by the interplay of different processes like coriolis effect and surface wind stress, as well as by the mixing of the plume waters with the coastal ocean waters. Here the satellite-derived plume areas provide a broad but reasonably characterization of the seasonal variability of the whole plume under these complex dynamic processes. Nutrient concentrations measured near the mouth of each river are extremely variable and have a very weak seasonal cycle (Pizarro et al., 2010) . NO 3 − concentrations range from 0.01 to 10.50 mg L −1 , while mean PO 4 −3 concentration ranges from <0.005 to 0.98 mg L −1 . In both cases, maximum NO 3 − and PO 4 −3 concentrations were found in the Maipo River. However, nutrient exportations into coastal areas show a seasonal cycle certainly controlled by river discharge, reaching a marked maximum during winter (Figures 3C,D) . Maximum mean values of NO 3 − and PO 4 −3 export are observed in the Biobío River, with 245 and 45 Ton month −1 in winter, respectively, whereas minimum mean values are found in summertime for the Mataquito and Itata Rivers with 3.95 NO 3 − Ton month −1 and 0.56 PO 4 −3 Ton month −1 exported, respectively.
The phytoplankton biomass within river plumes (area mean Chl-a) remains fairly constant throughout the year, and similar between the rivers, with typical values about 4 mg m −3 (red lines in Figure 4) . Thus, when the mean biomass is scaled by the plume area, a clear seasonal cycle of Chl-a pool size is observed, with higher values in winter (ca. June to August, 1.50 to 5.40 Chl-a Ton for the Mataquito and Maule Rivers, respectively). On the other hand, PB in coastal areas adjacent to the river mouth exhibit a marked seasonal cycle (displayed by the discontinuous lines in Figure 4) , with summertime values being 2-4 times higher than in winter, following the wind-driven upwelling regime of the region. Notably, for all rivers in the study area, wintertime PB within the plume is 1.5-2 times larger than in the surrounding area (Figure 4) . As discussed in section 4.2, locally increased PB near the river mouth, coupled with a large plume area and frequency, reinforces the crucial role of land-sourced nutrient inputs in winter when upwelling activity is at a minimum.
Inter-Annual Variability
Yearly variability of selected variables, averaged over fall-winter (May-September), is shown in Figure 5 . Mean river discharge and plume area show a strong interannual variability, with a standard deviation of approximately half of the amplitude of the mean annual cycle. Not surprisingly, the year-to-year variability of river discharge is strongly correlated with the plume area for all rivers, except for the Biobío River (Spearman correlation coefficients larger than 0.50, Table 2 ).
Interannual variations in NO 3 − and PO 4 −3 concentrations is generally not correlated with discharge, whereas total nutrient export only shows a significant positive correlation with discharge in the Maipo, Itata, and Biobío Rivers ( Figure 5 and Table 2 ). Likewise, year-to-year variability of PB is not significantly correlated with river discharge and nutrient exportation, except in the Maipo River ( Table 2 ).
The Impact of the Mega-Drought flow . Likewise, the mean plume area and nutrient loads during the mega-drought are only 40-60% of their corresponding "normal" values (2000-2009) . On the contrary, the frequency of plume detection declines less markedly, and remains unchanged in the Maule River. However, the megadrought period significantly affects the nutrients loads, its exportation and PB within the Maipo and Mataquito river plumes ( Table 3) . In all rivers, large plume events (area >2× annual mean for each river) are observed from May to September during the period between 2000 and 2009, but these events were reduced by nearly 80% during the megadrought.
DISCUSSION
Rivers and Enhanced Phytoplankton Biomass
Off Central Chile, over seasonal and interannual time scales there is a strong correlation between river discharge and the size and frequency of river plumes (derived from ocean color satellite data) as well as nutrient export (estimated from in situ measurements). The high input of land-sourced nutrients (mainly NO 3 − and PO 4 −3 ) appears to enhance biological activity near river mouths in Central Chile, as the mean Chl-a concentrations within the river plumes are approximately twice the background PB values in coastal areas during winter, when discharge is at a maximum but upwelling is at a minimum. This result agrees with observations from the north Pacific and Atlantic oceans (Cloern et al., 1983; Mallin et al., 1993 ; Wysocki et al., 2006; Morey et al., 2009; Hickey et al., 2010) . In situ measurements of phytoplankton biomass verify the results obtained from satellite-based data. Previous studies in the Maipo River suggest that river discharge has a positive influence on phytoplankton biomass during upwelling-relaxed conditions (Wieters et al., 2003) . Off the Itata River, evidence suggests that nutrient inputs have a positive influence on the pico-nanophytoplankton community (Iriarte et al., 2012) . Furthermore, Itata River discharge during austral winter may partially support basal productivity around the river mouth, as a result of nutrient input and the influence of the fresh water plume on water column stratification (Testa et al., 2018) . Recently, salinity (measured by a SBE 37 MicroCAT) and chlorophyll data (measured by a C3 TM Submersible Fluorometer) was collected at approximately 1 m depth, taken from a coastal buoy located about 10 km off the mouth of the Itata River (Belmar et al., 2017) . In late fall, when the river discharge was at a minimum and wind-driven upwelling has subsided, Chl-a was low (less than 200 RFU) and salinity was high (>33) (Figure 7) . Winter storms caused an increase in river flow and episodes of low salinity in surface waters. Three weeks following the increase in base flow, the Chl-a exhibited a marked increase (>1000 RFU), indicating a delayed response of the phytoplankton population to nutrients availability. We also note that the maximum values of Chl-a during winter are of the same order of those observed in summer (Figure 7) , when the region is exposed to strong upwelling, emphasizing the crucial role of the river in providing nutrients, thus increasing PB close to the river mouth.
Potential Impact of the River Plume on Coastal Ecological Processes
As showed by our results, these rivers can contribute to enhance biological activity in the coastal water off Central Chile. Although this contribution is small in comparison to that supplied by regional upwelling, they are probably sufficient to sustain the local ecosystem (e.g., larval survival and recruitment) during periods of minimum or delayed seasonal upwelling (winter and early spring). Significant levels of nutrient export from rivers over Central Chile is highly relevant to several larval fish taxa, as they present cross-shelf distribution, with an inner-shelf pattern concentrated mainly within >2 km offshore. For example, Helcogrammoides chilensis and Hypsoblennius sordidus larvae is observed in low abundances in slope waters (>10 km offshore) off the Chilean coast during winter and spring (Landaeta et al., 2008) . Furthermore, river plumes have a direct influence on the development of rock and inter-tidal community (Vargas et al., 2006) . River influence is further appreciated when considering seasonal time scales, as the Chl-a pool (mean PB × plume area) in coastal areas near river mouths reach maximum levels during late winter and early spring (while wind-driven upwelling is low), coinciding with the larval recruitment of several fish (Castro et al., 2000; Landaeta et al., 2015) . Previous studies in the Itata River have shown that high concentrations of Chl-a are accompanied by increased primary production in coastal waters (Salamanca and Pantoja, 2009 ). Moreover, it has been demonstrated that input from the Itata River, in particular during years of increased precipitation, can promote favorable environmental conditions for fish larvae and forage fish species (sardines and anchovies; Soto-Mendoza et al., 2010) , as well as optimum conditions for growth and fish recruitment due to nutrient enriched waters (Grimes, 2001) . Studies carried out in the Itata and Biobío Rivers suggest that river runoff and rainfall strongly influence local fish survival (e.g., Robalo, Eleginops maclovinus) during early life stages (Quiñones and Montes, 2001 ).
Future Projections
Model-based climate projections, under scenarios of high greenhouse gas emissions, consistently indicate a reduction in mean annual precipitation (up to 30% relative to current values) and an increase in surface air temperature (up to 2 • C along the coast) over Central Chile for the 2070-2100 period (Fuenzalida et al., 2007; Bozkurt et al., 2017) . It is expected that the rainfall decline will be most marked in winter due to the projected reduction in extratropical storms crossing this region. Given the small size of the Andean basins in central Chile and the previously found association between precipitation and river discharge (Vicuña et al., 2010; Bozkurt et al., 2017) and well correlated with nutrient exportation is probably expected to consistently decline over the 21st century, potentially causing detrimental impacts upon these river influenced coastal areas.
Studies elsewhere show that drought conditions are able to degrade coastal ecological processes. A decrease in diatoms and Chl-a biomass was associated with extremely low river flow during droughts in the Suisun Bay -San Francisco estuary and in the Neuse River estuary (Nichols, 1985; Lehman, 1996; Thompson et al., 2015) . In the Neuse River estuary, droughts also caused significant shifts in the phytoplankton community, promoting cyanobacteria species (Paerl et al., 2010) , as well as a decrease in phytoplankton productivity, directly associated with a decrease in nutrients (Wetz et al., 2011) . Ecological studies in the San Francisco Bay demonstrate important changes in trophic webs under low river discharge, with the benthic community becoming more important with respect to the planktonic community, leading to negative consequences on fish populations in the estuary (Cloern et al., 1983; Nichols, 1985) . The worst ever recorded red-tide event in the coastal waters of western Patagonia took place in summer/fall 2016, caused by an extensive bloom of Pseudochattonella sp. and Alexandrium catenella, was also connected with a very intense drought in southern Chile mediated by the marked reduction in fresh water input and subsequent alteration of the coastal hydrobiology (León-Muñoz et al., 2018) .
This study shows that the recent mega-drought (2010-2014) has produced a consistent decrease in discharge (30-60% relative to historical values) and plume area (35 to 60%) for all the rivers considered within the study area (Figure 6) . Furthermore, a reduction in phytoplankton biomass was observed in the coastal areas influenced by the Maipo and Mataquito rivers, situated in the northern (arid) sector of Central Chile (Figure 6) . Given the intensity and duration of the mega-drought, it is considered to be an analog to future climate scenarios for this region (Fuenzalida et al., 2007; Bozkurt et al., 2017) . Systematic evidence of mega-drought impacts upon coastal fish productivity still does not exist, however, it remains a priority to further investigate and quantify these impacts, considering the ongoing trend toward dry conditions (Boisier et al., 2016) and the persistence of this trend projected for the near future.
AUTHOR CONTRIBUTIONS
IM, PA-R, LF, and RG designed the study. MY and LF carried out data analysis of in situ hydro-chemical data. IM, PA-R, and RG acquired and processed the remote-sensed MODIS-SeaWiFS ocean color images. LB contributed to data analysis of the coastal buoy POSAR. All authors provided contributions for writing and correcting the paper. 
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmars. 2018.00423/full#supplementary-material
